Introduction {#s1}
============

Rates of obesity and type 2 diabetes are increasing rapidly worldwide, and this increase is often associated with unhealthy lifestyle traits such as poor diet and sedentary behavior ([@B1]). Recently, numerous studies ([@B2]--[@B10]) have also linked the development of type 2 diabetes and impaired metabolic health to poor diet of the parents. Studies in both humans and rodents ([@B2]--[@B10]) have shown that maternal overnutrition and undernutrition have a negative impact on fetal development, offspring growth, and long-term health of offspring. Although most of this research has focused on the role of the mother, there is increasing evidence that fathers also play an important role in obesity and metabolic programming of the offspring ([@B2]--[@B4],[@B11],[@B12]). In rodent models, impaired paternal nutrition, whether resulting from consumption of a high-fat diet or a low-protein diet, has a negative effect on embryonic metabolism ([@B12],[@B13]), fetal growth ([@B12]), and long-term cardiovascular ([@B14]) and metabolic health ([@B2],[@B3]) of the offspring.

There have been few studies investigating the effects of paternal exercise training on offspring metabolic health and the findings from these studies have been conflicting ([@B15]--[@B17]). Although there have been studies determining the effects of exercise training on human male fertility ([@B18]), there has been no investigation of father's exercise training on human offspring metabolic health. Using a mouse model, one group has shown that paternal exercise training by forced swimming for 8--9 weeks improves glucose metabolism in 16-week-old male ([@B15]) and female ([@B16]) offspring. Counter to these findings, another group found that 12 weeks of high-volume paternal exercise had detrimental effects on energy expenditure and whole-body and skeletal muscle glucose metabolism in offspring ([@B17]). Thus, whether the father's exercise has beneficial or detrimental effects on offspring health is not clear, but addressing this question is essential, given the potential clinical relevance of these animal studies for human fathers.

The mechanism through which a paternal intervention, such as diet or exercise, can affect offspring phenotype is largely unknown. In adult men, obesity impairs testosterone levels ([@B19]), sperm number, and motility ([@B19]--[@B21]), and decreases the number of live births ([@B19]). Since offspring development in utero occurs without the physical presence of the father, the effects of paternal diet are likely transmitted to the offspring through the sperm. Consistent with this hypothesis, multiple studies using rodent models have shown that metabolic phenotypes are present in offspring generated via assisted reproduction methods such as in vitro fertilization, confirming that the relevant dietary information is present in sperm ([@B22]--[@B27]).

A number of recent studies ([@B25],[@B26]) have implicated small RNAs present in sperm in the transmission of phenotype to offspring. Small RNAs include a wide variety of distinct species, typically 18--40 nucleotides in length, and include miRNAs, Piwi-interacting RNAs (piRNAs), siRNAs, tRNA-derived small RNA fragments (tRFs), and rRNA fragments. Small RNA plays a wide variety of mechanistically distinct roles in the regulation of DNA methylation, histone modification, and mRNA transcription, and have been linked to non-Mendelian transgenerational inheritance in mammals ([@B28]). High-fat feeding of mice has been shown to alter the levels and nucleotide modification status of the two major types of small RNAs in sperm, miRNAs, and tRFs ([@B25],[@B26]); thus far, studies on exercise have focused only on a subset of miRNAs in sperm ([@B16],[@B17]).

In the current study, we determined the effects of paternal exercise in mice fed a chow diet or high-fat diet on the metabolic health of adult offspring. In addition, we used deep sequencing of small RNAs to generate, to our knowledge, the first in-depth small RNA profile of sperm from exercise-trained males. We found that paternal exercise improves the metabolic health of the adult offspring and, importantly, negates the effects of a high-fat diet on offspring body weight, percentage of fat mass, and glucose tolerance. Consistent with a potential role for sperm RNAs in mediating paternal environmental effects on offspring metabolism, we found that paternal exercise training also reverses the effects of high-fat feeding on the sperm small RNA payload.

Research Design and Methods {#s2}
===========================

Mice and Training Paradigm {#s3}
--------------------------

Seven-week-old C57BL/6 virgin male mice (Charles River Laboratories) were fed a chow diet (21% kcal from fat) (9F5020; PharmaServ) or high-fat diet (60% kcal from fat) (Research Diets Inc.) for 3 weeks. Male mice were housed either individually in static cages (cages without wheels; Sedentary) or individually in cages containing a running wheel (wheel cages), having free access to the wheel all day (Trained). Both static and wheel cages were nonfilter top cages. Body weight and total amount run were recorded weekly.

Breeding {#s4}
--------

All female breeders were 8-week-old C57BL/6 virgin female mice maintained on a chow diet and housed in static cages (Sedentary). After 3 weeks, males were removed from wheel cages or static cages (without wheels) and bred with one female in a static cage for 3 days. A separate cohort of males that were not bred with females was sedentary or trained, as was done for the breeders, and was used to determine the effects of the training on glucose tolerance, using the method described below. Litters were culled to five mice, and offspring were chow fed and housed in static cages (sedentary) from birth onward. All procedures were followed as approved by the Institutional Animal Care and Use Committees at The Ohio State University and Joslin Diabetes Center.

Sperm Isolation and Motility {#s5}
----------------------------

A separate cohort of males was used for sperm isolation and motility. Trained males were removed from the wheel cages and placed in static cages, and 24 h later were sacrificed by isoflurane administration followed by cervical dislocation. Sperm were isolated ([@B29]), and total RNA was extracted from lysed sperm as previously described ([@B25]).

Small RNA Analysis {#s6}
------------------

Small RNA levels in cauda sperm were analyzed as previously described ([@B25]). Briefly, total RNA was loaded onto a 15% polyacrylamide with 7 mol/L urea and 1× TBE (Tris/borate/EDTA) gel and run at 15 W in 1× TBE. Gel slices corresponding to 18--40 nucleotides were cut from the gel and precipitated. Libraries were built with the Illumina TruSeq Small RNA Library Prep Kit according to the manufacturer instructions, and were size selected on an 8% polyacrylamide gel, precipitated, quantified, and pooled, then sequenced on an Illumina NextSEq 500 sequencer.

In Vivo Metabolic and Physiological Assessments of Offspring {#s7}
------------------------------------------------------------

Metabolic testing was performed on male and female offspring at various time points throughout 52 weeks of life. Intraperitoneal glucose tolerance tests (IPGTTs) and insulin tolerance tests (ITTs) were performed as previously described ([@B30],[@B31]). Blood was collected from the retro-orbital sinus after an overnight fast (2200--0900 h) to measure plasma insulin levels using a mouse ELISA kit (Crystal Chem Inc). The assessment of fat and lean mass was performed using DEXA (Lunar PIXImus2 mouse densitometer) with offspring anesthetized with an injection of a mixture of ketamine HCL (100 mg/kg i.p.) and xylazine (10 mg/kg i.p.) before scanning.

Glucose Uptake In Vivo {#s8}
----------------------

Glucose uptake in vivo was measured in male offspring at 52 weeks of age as previously described ([@B32]). Briefly, mice were fasted overnight (2200--0900 h) and injected with either saline or 1 mg of glucose in combination with 0.33 μCi \[^3^H\]2-deoxyglucose/g mouse body weight administered via the retro-orbital sinus. After 45 min, mice were sacrificed by cervical dislocation, and tibialis anterior, gastrocnemius, soleus, extensor digitorum longus (EDL), perigonadal white adipose tissue (WAT), subcutaneous WAT (scWAT), brown adipose tissue (BAT), and heart were harvested and immediately frozen in liquid nitrogen. Accumulation of \[^3^H\]2-deoxyglucose 6-phosphate was assessed in tissues using a perchloric acid and Ba(OH)~2~/ZnSO~4~ precipitation procedure that was modified from previous work ([@B33]).

Statistical Analysis {#s9}
--------------------

The data are the mean ± SEM. Statistical significance was defined as *P* \< 0.05 and was determined by two-way ANOVA, with Tukey and Bonferroni post hoc analysis.

Bioinformatics {#s10}
--------------

Small RNA were analyzed by moderated *F* tests and moderated *t* tests from the R package from Limma ([@B34]), and then were adjusted for multiple testing using the false discovery rate.

Results {#s11}
=======

Paternal Exercise Negates the Detrimental Effects of a Paternal High-Fat Diet in Female and Male Offspring {#s12}
----------------------------------------------------------------------------------------------------------

Sires fed a high-fat diet for 3 weeks had significantly higher body weights compared with chow-fed controls ([Fig. 1*A*](#F1){ref-type="fig"}). Exercise-trained mice had significantly lower body weights compared with sedentary controls in both chow-fed and high fat--fed mice ([Fig. 1*A*](#F1){ref-type="fig"}). There was no difference in total wheel running distance between chow-fed and high fat--fed male mice ([Fig. 1*B*](#F1){ref-type="fig"}). Glucose tolerance tests were performed in a separate cohort of male mice that underwent the same diet and exercise-training paradigm as the sires. High fat--fed sedentary males had an impaired glucose tolerance compared with all other groups ([Fig. 1*C* and *D*](#F1){ref-type="fig"}), and exercise training negated the detrimental effects of a high-fat diet on glucose tolerance ([Fig. 1*C* and *D*](#F1){ref-type="fig"}). There was no difference in body weights of the dams among groups (data not shown).

![Exercise reduces body mass and improves glucose tolerance in sires. Body mass (*A*) and distance run (*B*) were measured in Sedentary (Sed) and Trained (Train) chow-fed (Chow) and high fat--fed (HF) male mice (sires). Data are expressed as the mean ± SEM (*n* = 10 group). Symbols represent differences compared with Sedentary diet-matched control groups (\*\*\**P* \< 0.001); Sedentary Chow vs. Sedentary High-fat (\#\#\#*P* \< 0.001); or an overall effect of chow vs. high-fat diet (\$\$\$*P* \< 0.001). *C* and *D*: IPGTTs were conducted in Sedentary and Trained chow-fed and high fat--fed male mice and shown as glucose excursion curve (*C*) and glucose area under the curve (AUC) (*D*). Data are expressed as the mean ± SEM (*n* = 4--8/group). Asterisks represent differences compared with Sedentary control groups (\*\**P* \< 0.01); Sedentary Chow vs. Sedentary High-fat (\#*P* \< 0.05). GTT, glucose tolerance test.](db180667f1){#F1}

To determine the effects of paternal exercise on the metabolic health of the offspring, we studied both female ([Fig. 2](#F2){ref-type="fig"}) and male ([Fig. 3](#F3){ref-type="fig"}) offspring, which were sedentary and fed a chow diet throughout the experimental period. Glucose tolerance test data in offspring are shown as the area under the curve for 16, 24, 36, and 52 weeks of age ([Figs. 2*A*](#F2){ref-type="fig"} and [3*A*](#F3){ref-type="fig"}), and the glucose tolerance test excursion curve is also shown for 52 weeks ([Figs. 2*B*](#F2){ref-type="fig"} and [3*B*](#F3){ref-type="fig"}). In female offspring from chow-fed sires, paternal exercise improved glucose tolerance at 36 and 52 weeks of age ([Fig. 2*A* and *B*](#F2){ref-type="fig"}). In addition, paternal consumption of a high-fat diet had a detrimental effect on glucose tolerance that was evident in female offspring at 36 weeks of age, and these effects were reversed in offspring from high fat--fed sires that were exercise trained ([Fig. 2*A* and *B*](#F2){ref-type="fig"}). Female offspring from high fat--fed sedentary sires had significantly higher body weights beginning at ∼42 weeks of age compared with all other groups, whereas female offspring from high fat--fed exercise-trained sires had a body weight similar to that of offspring from chow-fed sires ([Fig. 2*C*](#F2){ref-type="fig"}). The increase in body weight in female offspring from high fat--fed sedentary sires was accompanied by an increase in offspring total fat mass, an effect that was not present if the father of the offspring had also undergone exercise training ([Fig. 2*D*](#F2){ref-type="fig"}). There was no effect of paternal diet or exercise on the lean mass of female offspring ([Fig. 2*E*](#F2){ref-type="fig"}). Fasting insulin level was significantly decreased in female offspring from trained sires, regardless of diet ([Fig. 2*F*](#F2){ref-type="fig"}). Offspring from high fat--fed sedentary sires had an impaired insulin tolerance (presented as a percentage of basal glucose to account for differences in initial glucose concentrations) compared with offspring from high fat--fed exercise-trained sires ([Fig. 2*G*](#F2){ref-type="fig"}).

![Paternal exercise improves glucose metabolism and body composition in female offspring. *A* and *B*: IPGTT was measured at multiple ages through the first year of life in female offspring of sires that were sedentary or trained (Train) and were fed a chow (Chow) or high-fat diet (High-Fat). Offspring were injected with 2 g glucose/kg body wt. Glucose area under the curve (AUC) (*A*) and glucose excursion curve at 52 weeks (*B*). Weekly body weights (*C*), total fat mass (*D*), and total lean mass (*E*) of female offspring at 52 weeks. *F*: Fasting serum insulin concentrations at 52 weeks of age. *G*: For ITTs, mice were injected with 1 unit of insulin/kg i.p. Data are presented as a percentage of the basal glucose. Data are the mean ± SEM (*n* = number of litters; *n* = 15 Sedentary Chow; *n* = 12 Trained Chow; *n* = 20 Sedentary high fat--fed, *n* = 11 Trained high fat--fed). Asterisks represent differences compared with Sedentary diet-matched control groups (*\*P \<* 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001); and all groups vs. Sedentary High-fat (\#*P* \< 0.05, \#\#\#*P* \< 0.001). GTT, glucose tolerance test.](db180667f2){#F2}

![Paternal exercise improves glucose metabolism and body composition in male offspring. *A* and *B*: IPGTT was measured at multiple ages through the first year of life in male offspring of sires that were sedentary or trained (Train), and fed a chow (Chow) or high-fat diet (High-Fat). Offspring were injected with 2 g glucose/kg body wt. Glucose area under the curve (AUC) (*A*) and glucose excursion curve at 52 weeks (*B*). Weekly body weights (*C*), total fat mass (*D*), and total lean mass (*E*) of male offspring at 52 weeks. *F*: Fasting serum insulin concentrations at 52 weeks of age. *G*: For ITTs, mice were injected with 1 unit of insulin/kg i.p. Data are presented as a percentage of the basal glucose. Data are the mean ± SEM (*n* = number of litters; *n* = 11 Sedentary Chow; *n* = 10 Trained Chow; *n* = 20 Sedentary high fat--fed; *n* = 14 Trained high fat--fed). Asterisks represent differences compared with Sedentary diet-matched control groups (*\*P \<* 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001); and all groups vs. Sedentary High-fat (\#*P* \< 0.05). GTT, glucose tolerance test.](db180667f3){#F3}

We cannot rule out that the increase in adiposity is a primary driver of the impaired metabolic health in the offspring from sedentary high fat--fed sires. However, even when there was no difference in body mass or fat mass in the offspring from chow-fed sedentary or exercise-trained sires, as in the case of both the male and female offspring, the offspring from exercise-trained sires still had an improved glucose tolerance. This would indicate an important role for paternal exercise to improve metabolic health in offspring independent of body weight or fat mass.

Together, these data indicate that paternal exercise improves glucose tolerance and insulin sensitivity in female offspring. Moreover, paternal exercise abolishes the detrimental effects of a paternal high-fat diet on offspring metabolic health.

Male offspring from chow-fed exercise-trained sires had significantly improved glucose tolerance compared with offspring from chow-fed sedentary sires as early as 16 weeks of age, and this effect was maintained through 52 weeks ([Fig. 3*A* and *B*](#F3){ref-type="fig"}). High-fat feeding of sedentary sires resulted in impaired glucose tolerance in male offspring beginning at 24 weeks of age; however, these detrimental effects of the high-fat diet fed to sires were not present if the sires were exercise trained ([Fig. 3*A*](#F3){ref-type="fig"}). This improvement in glucose metabolism in offspring from chow-fed or high fat--fed trained sires was most prominent at 52 weeks of age in male offspring ([Fig. 3*A* and *B*](#F3){ref-type="fig"}).

In contrast to the female offspring, there was no effect of paternal diet or exercise on the body weight of male offspring ([Fig. 3*C*](#F3){ref-type="fig"}). There was also no effect of paternal diet or exercise on total fat mass ([Fig. 3*D*](#F3){ref-type="fig"}) and lean mass ([Fig. 3*E*](#F3){ref-type="fig"}) in the male offspring. Fasting insulin was significantly decreased in offspring from high fat--fed exercise-trained sires compared with offspring from high fat--fed sedentary sires ([Fig. 3*F*](#F3){ref-type="fig"}), but insulin tolerance (presented as a percentage of basal glucose to account for differences in initial glucose concentrations) was not altered among male offspring ([Fig. 3*G*](#F3){ref-type="fig"}). These data indicate that paternal exercise improves glucose tolerance in male offspring and, importantly, negates the unfavorable effects of a paternal high-fat diet on glucose tolerance.

Paternal Exercise Increases Glucose Uptake in Offspring Skeletal Muscle, Perigonadal Adipose Tissue, and Heart {#s13}
--------------------------------------------------------------------------------------------------------------

To determine which tissues are responsible for the increased glucose tolerance in offspring resulting from paternal exercise, 52-week-old male offspring from high fat--fed sedentary and exercise-trained sires were injected with \[^3^H\]2-deoxyglucose in combination with saline or a 20% glucose bolus that results in a physiological increase in plasma insulin concentrations ([@B35]). We focused on offspring from high fat--fed sedentary or exercise-trained sires, as those groups had the most pronounced differences in glucose metabolism. Basal rates of skeletal muscle glucose uptake (gastrocnemius, tibialis anterior, EDL, or soleus) were not different among offspring from high fat--fed sedentary or exercise-trained sires. In response to glucose stimulation, glucose uptake was significantly increased in the gastrocnemius ([Fig. 4*A*](#F4){ref-type="fig"}) and EDL ([Fig. 4*B*](#F4){ref-type="fig"}) in offspring from exercise-trained sires compared with offspring from sedentary sires. There was also a tendency for glucose stimulation to increase glucose uptake in the tibialis anterior and in the soleus, although these did not reach statistical significance ([Fig. 4*C* and *D*](#F4){ref-type="fig"}).

![Paternal exercise increases glucose-stimulated glucose uptake in skeletal muscle, heart, and pgWAT in male offspring. *A*--*H*: In vivo glucose uptake was measured in 52-week-old male offspring of high fat--fed sedentary and trained sires. Mice were fasted overnight and anesthetized, and 0.33 µCi \[^3^H\]2-deoxyglucose/g body wt was administered via retro-orbital injection in the presence of saline (Basal) or 1 g/kg body wt glucose (Glucose). Glucose uptake was measured in the gastrocnemius (*A*), EDL (*B*), tibialis anterior (*C*), soleus (*D*), BAT (*E*), scWAT (*F*), pgWAT (*G*), and heart (*H*). Data are the mean ± SEM (\**P* \< 0.05, \*\**P* \< 0.01 glucose-stimulated glucose uptake in offspring from high fat--fed exercise-trained sires compared with offspring from high fat--fed sedentary sires; \#*P* \< 0.05 basal glucose uptake in offspring from high fat--fed exercise-trained sires compared with offspring from high fat--fed sedentary sires; \$*P* \< 0.05 basal glucose uptake vs. glucose stimulated glucose uptake) (*n* = 6/group).](db180667f4){#F4}

Glucose stimulation had a main effect of increasing glucose uptake in offspring BAT and scWAT, but there was no effect of paternal high-fat diet or exercise training on offspring basal or stimulated glucose uptake in BAT or scWAT ([Fig. 4*E* and *F*](#F4){ref-type="fig"}). In the perigonadal WAT (pgWAT), glucose-stimulated uptake was significantly increased in the offspring from high fat--fed exercise-trained sires ([Fig. 4*G*](#F4){ref-type="fig"}). In addition, glucose uptake was significantly increased in the heart of offspring from exercise-trained high fat--fed sires compared with offspring from sedentary high fat--fed sires ([Fig. 4*H*](#F4){ref-type="fig"}). These data demonstrate that paternal exercise results in offspring with increased rates of glucose-stimulated glucose uptake in multiple tissues in offspring.

Exercise Training Reverses High-Fat Diet--Induced Decreases in Sperm Motility {#s14}
-----------------------------------------------------------------------------

Given the striking ability of paternal exercise to improve metabolic health of the adult offspring, we next investigated the effects of diet and exercise on sperm. There was no effect of the high-fat diet or exercise training on total sperm number ([Fig. 5*A*](#F5){ref-type="fig"}). In contrast, high-fat feeding resulted in a significantly lower number of motile sperm ([Fig. 5*B*](#F5){ref-type="fig"}), and exercise training negated this effect of the high-fat diet on sperm motility. Conception rates did not differ among treatments (data not shown), but high-fat consumption was associated with a significant reduction in litter size, an effect that was not reversed by exercise training ([Fig. 5*C*](#F5){ref-type="fig"}).

![Paternal exercise and high-fat diet alter sperm composition. Total sperm (*A*) and sperm motility (*B*) were measured in Sedentary (Sed) and Trained (Train) chow-fed (Chow) and high fat--fed (High-Fat) male mice, and litter size (*C*) was measured in litters from Sedentary and Trained chow-fed and high fat--fed sires. Data are expressed as the mean ± SEM (*n* = 10/group). Symbols represent differences compared with Sedentary control groups (\**P* \< 0.05); Sedentary Chow vs. Sedentary High-Fat (\#*P* \< 0.05); or an overall effect of chow vs. high-fat diet (\$\$*P* \< 0.01). *D*: Pie charts showing the percentage of small RNAs mapping to the indicated features. *E*: Heat maps showing the differences in expression of small RNAs in response to paternal diet and exercise. SC, Sedentary chow-fed; SH, Sedentary high fat--fed; TC, Trained chow-fed; TH, Trained high fat--fed. *F*--*H*: Select tRFs that are altered with diet and exercise. GlyCCC-33 (*F*), GlyGCC-32 (*G*), and HisGTG-49 (*H*). Data are expressed as the mean ± SEM (*n* = 11--12/group). Symbols represent differences compared with Sedentary control groups (\*\**P* \< 0.01; \*\*\**P* \< 0.001); Sedentary Chow vs. Sedentary High-Fat (\#*P* \< 0.05, \#\#*P* \< 0.01, \#\#\#*P* \< 0.001); or Sedentary High-Fat vs. Trained Chow (%%%*P* \< 0.001).](db180667f5){#F5}

Effects of Diet and Exercise Training on the Small RNA Payload of Sperm {#s15}
-----------------------------------------------------------------------

To determine whether the small RNA composition in sperm is affected by diet and exercise, we performed small RNA deep sequencing on cauda sperm. Analysis of small RNA distribution confirmed 5′ tRFs to be the most abundant subtype in cauda epididymal sperm ([@B25]), whereas miRNAs and piRNAs represented a smaller fraction ([Fig. 5*D*](#F5){ref-type="fig"}). Consistent with prior reports ([@B26]), a high-fat diet did not affect the overall proportions of the different classes of small RNAs. Focusing on individual small RNAs, we find that both diet and exercise affected the expression of individual small RNAs, with high-fat diet notably leading to the increased abundance of several abundant tRFs ([Fig. 5*E*](#F5){ref-type="fig"} and [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-0667/-/DC1)). Remarkably, exercise almost completely negated the effect of a high-fat diet on the sperm small RNA payload. Prominent examples of diet-induced RNAs that were suppressed by exercise training include the highly abundant fragments of tRNA-Gly-GCC, tRNA-Gly-CCC, and tRNA-His-GTG, whose abundance was increased in high-fat animals, which is consistent with prior reports ([@B4],[@B36]), and decreased by exercise training to baseline levels ([Fig. 5*F*--*H*](#F5){ref-type="fig"}). These data reveal that exercise training of males results in pronounced changes in sperm small RNA composition and that exercise can reverse the effects of high-fat diet on the small RNA profile.

Discussion {#s16}
==========

Paternal obesity and high-fat feeding contribute to the development of obesity and diabetes in offspring ([@B3],[@B26]). Physical exercise is an important tool to combat obesity and type 2 diabetes, but the contribution of paternal exercise to the metabolic health of offspring has been ambiguous. Here, we find that paternal exercise in mice significantly improves the metabolic health of male and female offspring. In fact, paternal exercise fully counteracted the detrimental effects of a paternal high-fat diet on glucose metabolism and adiposity in both male and female adult offspring. Paternal exercise also increased glucose-stimulated skeletal muscle glucose uptake. We also show that exercise training robustly regulates multiple classes of small RNAs in sperm, suppressing dietary effects on small RNA levels and thus implicating these small RNAs as potential mediators of paternal dietary effects on the next generation. These data demonstrate that paternal exercise can play a critical role in improving the metabolic health of adult offspring.

Conflicting reports on the effects of paternal exercise on offspring metabolic health have included one study ([@B17]) reporting that voluntary wheel running of sires had a detrimental effect on offspring metabolic health and skeletal muscle metabolism. The clear discrepancy between our results and this other report ([@B17]) could be due to a number of factors. One possibility is that in the previous study mice were exposed to wheels for 12 weeks, and only mice that performed a minimum of 7 km/day were used for study. For our experiment, male mice were housed in wheels for 3 weeks with running distances averaging 5.8 ± 0.4 km/day, and we did not exclude mice based on running distance. Thus, it is conceivable that in the previous report, it was the very high levels of activity of the sires that negatively affected the metabolic phenotype of the offspring ([@B17]). In future work, it will be important to investigate the hypothesis that "overtraining" or very high levels of physical exercise in males results in detrimental metabolic health effects in offspring.

Consistent with our data, two previous studies have shown that paternal exercise improved the metabolic health of offspring. These studies showed that 9 weeks of exercise in sires fed a high-fat diet improved glucose tolerance in female offspring at 8 weeks of age ([@B16]) and improved insulin sensitivity in male and female offspring at 16 weeks of age ([@B15],[@B16]). Several X-linked miRNAs were measured, and, of these, exercise training reversed the high-fat diet decrease in miRNA-503 and miR-465b-5p. In the current study, paternal exercise or high-fat diet did not alter these X-linked miRNAs. In the previous study, the X-linked miR-465a3p was positively correlated with glucose tolerance in offspring, which is consistent with our finding that miR-465a3p was increased in the sperm of the trained sires. Our data were not consistent with any of the other five miRNAs measured in the previous study, which could be due to a number of factors, including the breeding age of the sires (23 vs. 12 weeks), the length of the diet (18 vs. 3 weeks), exercise modality (forced swimming vs. voluntary wheel cage running), and the length of the exercise protocol (9 vs. 3 weeks). Although these differences might have affected the small RNA composition of the sperm, both exercise-training protocols resulted in an improved glucose tolerance in the offspring.

Our study provides the first comprehensive analysis of the effects of exercise on the complete small RNA profile of sperm---previous studies of exercise have reported on only a subset of small RNAs, the miRNAs. In considering the study discussed above, where paternal exercise had detrimental effects on offspring metabolism, exercise training was reported to increase several miRNAs in sperm, including miR-431, miR-483--3p, and miR-21 ([@B17]). However, we found no effect of exercise training on miR-431 or miR-483--3p in the sperm, whereas we have found that miR-21 levels are increased by high-fat feeding and decreased by exercise, in contrast to the training-mediated increase in miR-21 levels previously reported ([@B17]). These differences in miRNAs in response to the various exercise-training regimens could be a mechanism for the contradicting effects of paternal exercise on glucose metabolism in the adult offspring.

The influence of paternal diet on the phenotype of offspring has been proposed to be mediated through diet-induced changes in the abundance of a subset of tRFs in mature sperm ([@B25],[@B26]). Most relevant to this study, microinjection of 30- to 40-nucleotide small RNAs, the fraction composed primarily of tRFs purified from the sperm of high fat--fed males, was able to drive metabolic impairments in the offspring ([@B25],[@B26]). The ability of purified RNAs to direct metabolic alterations in offspring are important, but these data do not rule out a role for DNA methylation on the effects of offspring metabolism ([@B25],[@B26]), and in fact, both of these molecular adaptations are likely to play critical roles in offspring metabolism. Here, we build on prior studies of paternal high-fat exposure to characterize, for the first time, the effects of exercise training on the sperm small RNA payload. We find that a paternal high-fat diet resulted in increased levels of numerous tRFs, including tRFs Gly-CCC, -GCC, and His-GTG and that these small RNA changes are completely reversed by training. The ability of exercise training to reverse both small RNA production and to suppress metabolic phenotypes in offspring further supports the hypothesis that small RNAs in sperm could play a causal role in the transmission of paternal environmental information to the next generation. The mechanism by which sperm delivery of small RNAs to the zygote eventually results in metabolic changes in offspring remains unclear at present---because mammals lack a genomically encoded RNA-dependent RNA polymerase, it seems likely that sperm RNAs must act very early in preimplantation development to alter the course of early development in such a way as to cause eventual metabolic phenotypes. Because many of the metabolic phenotypes we and others have documented in paternal effect paradigms (altered glucose tolerance, insulin tolerance, and weight gain) are affected by altered placentation ([@B37]), one appealing hypothesis is that perturbing preimplantation development could result in altered cell fate allocation in the blastocyst, resulting eventually in altered placental size or function. Future studies will be required to test this hypothesis in detail.

The mechanism by which sperm-delivered small RNAs could ultimately direct metabolic phenotypes in the next generation is a subject of great interest. Although sperm RNAs were long assumed to primarily represent nonfunctional remnants of RNAs used during sperm development, there is increasing evidence that sperm RNAs are functional upon delivery to the zygote ([@B26],[@B38]--[@B41]). It remains to be determined how the small RNAs documented in this study might drive metabolic phenotypes in offspring. Among the exercise- and diet-regulated RNAs here, the majority belong to the intriguing but poorly characterized class of 5′ tRFs that are abundant in sperm. Proposed functions for tRFs range from Argonaute-dependent functions, reminiscent of miRNA and siRNAs, to control of global translation by a wide variety of potential mechanisms. Among the exercise-regulated tRFs identified here, tRF-His-GTG and tRF-Gly-CCC have not yet, to our knowledge, been linked to any molecular readouts, but tRF-Val-CAC was recently shown to alter global translation by displacing eIF4A/G from mRNA caps ([@B42],[@B43]), whereas tRF-Gly-GCC was shown to repress the transcription of genes associated with the endogenous retroelement MERVL ([@B25]). Whether these molecular functions, or the targeting of oocyte transcripts by the exercise-regulated miRNA identified here, ultimately direct downstream metabolic phenotypes has yet to be tested. One important clue may come from the fact that many quite distinct RNA species have been reported to alter similar phenotypes, such as glucose control, in offspring. We favor the hypothesis that distinct small RNAs may alter some gross aspect of preimplantation development such as growth rate, subsequently causing changes to placental size or placental function, with downstream metabolic phenotypes arising thanks to the well-known role for early fetal provisioning in establishing metabolic phenotypes through adulthood ([@B37]). In this scenario, multiple distinct regulatory molecules could convergently cause similar phenotypes. Illuminating the black box between sperm RNAs and offspring metabolism remains a key goal for the field.

In summary, paternal exercise significantly improves the metabolic health of adult male and female offspring and compensates for the detrimental effects of a paternal high-fat diet on offspring health. These data also provide the first detailed profile of the effects of exercise on the complete small RNA profile of sperm, which will provide a valuable resource for future investigation. These findings indicate that paternal exercise prior to conception could be an important tool to combat obesity and type 2 diabetes in future generations.

Supplementary Material
======================

###### Supplementary Table

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-0667/-/DC1>.
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